ABSTRACT
T HE EFFECT OF ACID PRECIPITATION and SO4 deposition on terrestrial and aquatic ecosystems has received considerable national and international attention (Council for Agricultural Science and Technology, 1984; Linthurst, 1984; McFee, 1980; National Academy of Sciences, 1981) . Of particular importance is the increase in SO 4 mobility in some soils, which can lower the pH of percolating and runoff waters (Johnson and Cole, 1977; Ulrich et al., 1980) and subsequently result in a reduction in stream and lake water pH (Burns et al., 1981; Drablos and Tollan, 1980; Wright and Gjessling, 1976) . Further, leaching losses of SO4 coupled with low inputs have resulted in S deficiencies in soils of the humid tropics (BolleJones, 1964; Hasan et al., 1970; McClung et al., 1959) as well as in and (Conrad, 1950; Neller, 1925) and temperate regions (Bertramson et al., 1950; Ensminger, 1954) .
With regard to these environmental and agronomic aspects, the adsorption of SO4 by soil has been investigated. Although SO4 adsorption has been shown to be influenced by soil pH (Hue et al., 1984; Singh, 1984b; Bolan et al., 1986) , Al and Fe sequioxides (Aylmore et al., 1967; Chao et al., 1964; Singh, 1984a) , and fertilizer P application (Haron and Hanson, 1988; Kamprath et al., 1956) , the mechanism of adsorption is debated. Ligand-exchange mechanisms, which result in covalent surface bonds (Hingston et al., 1967; Rajan, 1979) and electrostatic forces (Yates and Healy, 1975; Marsh et al., 1987) have been suggested. Limited information is available, however, on the kinetics of SO 4 reactions in soils (Hodges and Johnson, 1987; Singh 1984c; Sparks, 1986) .
The adsorption of 50 4 can be rapid, with Rajan (1978) reported adsorption by hydrous alumina to be 95% complete within 60 mm. For soils containing both organic and inorganic constituents, however, Singh (1984c) found that 85 and 62% of added SO 4 was adsorbed by an Fe Podzol and Brown Earth, respectively, in 24 h. The desorption of SO4 from soil (Chao et al., 1962) and kaolinite (Aylmore et al., 1967 ) is also rapid. More recently, Hodges and Johnson (1987) described the kinetics of both SO 4 adsorption and desorption for Cecil soil (clayey, kaolinitic, thermic Typic Kanhapludult) by Elovich, parabolic diffusion, and shell progressive particle and film diffusion equations.
Little information is available, however, on the kinetics of SO4 desorption from a wide range of soils under experimental conditions applicable to the movement of SO4 in overland flow and runoff waters. For this purpose, the kinetics of SO4 desorption with water, especially during short periods of soil-water interaction at a wider range of water/soil ratios than those of earlier studies, is needed. Consequently, the power-form equation describing the desorption of P and K from soil (Sharpley et al., 1981; Sharpley, 1987) , which assumes nonlinear ion diffusion, is proposed to describe SO4 desorption from soil over short time periods (<180 mm) and wide water/soil ratios (10:1 to 400:1). The equation has the form Sd = KSe tW
[1] where S d is the amount of sulfate desorbed in time t, at a water/soil ratio W, with Se the initial amount of extractable SO 4 present in the soil, and K, a, and $ constants for a given soil.
This study was an investigation of the use of the power-form equation (Eq. [11) to describe SO 4 desorption from 107 soils collected from throughout the USA. Results for five soils from Oklahoma and Texas are presented in more detail to complement earlier studies of P and K desorption from these soils. Relationships between Eq.
[1] constants and soil chemical and physical properties are also presented.
MATERIALS AND METHODS
Surface samples (0-10 cm) of Bernow fine sandy loam (a fine-loamy, siliceous, thermic Glossic Paleudaif), Houston Black clay (a fine, montmorillonitic, thermic Udic Pellustert), Kirkland silt loam (a fine, mixed, thermic Udertic Paleustoll), Pullman clay loam (a fine, mixed, thermic Torrertic Paleustoll), and Woodward loam (a coarse-silty, mixed, thermic Typic Ustochrept), representing major agricultural soil types in Oklahoma and Texas, were collected. In addition, 102 soil samples (A and Ap horizons) from throughout the continental USA were obtained from the Soil Conservation Service, Lincoln, NE and included all the soil orders. All soils were air dried, sieved, and stored until analysis.
Clay content of the soils was determined by pipet analysis following dispersion with sodium hexametaphosphate (Day, 1965) . Cation-exchange capacity (CEC) was determined by direct distillation of adsorbed NH4 following leaching of 25 g soil with 250 mL of 1.0 M NH4 OAc (pH 7.0) (Soil Conservation Service, 1972) , organic C by the dichromate-wetcombustion procedure (Raveh and Avnimelech, 1972) , total N by a semimicro-Kjeldahl procedure (Bremner and Mulvaney, 1982) , CaCO 3 equivalent by treatment with dilute acid and titration (Allison and Moodie, 1965) , and soil pH using a glass electrode at a 5:1 water/soil ratio (w/w). Extractable Fe and Al was determined by allowing 4 g of soil to stand in 40 mL of 1 M NH4 OAc (adjusted to pH 4.8) for 2 h. Iron and Al concentrations of filtered extracts were measured by the colorimetric orthophenanthroline (Olsen, 1965) and aluminon (McLean, 1965) methods, respectively. Anion-exchange resin P (resin P) was extracted with A-lP anion-exchange resin (HCO3 form) (Sharpley et al., 1985) . Phosphorus removed from the resin by 1.5 M NaCl was determined by the method of Murphy and Riley (1962) .
Soil SO4 (subsequently referred to as extractable SO4 was extracted by shaking 2 g of soil with 20 mL of 500 g P mL [as Ca(H2 PO4)21 in 2 M HOAc for 30 mm (after Hoeft et al., 1973) . Total S was oxidized to sulfate by acid (NH03, HC104, H3 PO4 , and HC1) digestion (Tabatabai, 1982) . For all filtered (0.45 m) extracts, sulfate concentration was determined by the turbidimetric method of Hoeft et al. (1973) .
Desorption of SO4 from each soil was investigated by incubating 50 g of soil with various amounts of SO 4 (0-200 mg SO4 kg soil, added as a solution of K2 SO4 ) at 298 K for 25 wk. The soils were brought to field capacity (approximately -33-kPa water potential) initially with deionized water and rewet when approximately air dry. The amounts Of SO4 desorbed by deionized water at water/soil ratios of 10:1, 20:1, 40:1, 100:1, and 400:1 on an end-over-end shaker at 298 K for 5 to 180 min were determined. The initial extractable SO4 content of each soil was determined prior to SO4 desorption. The constants of Eq. [1] were determined from the slope of the linear relationship between logarithm SO4 desorbed and logarithm t (slope = a) and logarithm of W (slope = 3). Constant K was calculated from the slope (slope = Kt W) of a linear relationship between desorbed SO4 and initial amount of Se.
Statistical analysis of the data involved analysis of variance for paired and unpaired data to determine differences between means and regression analysis by the SAS STEP-WISE and REG procedures (Barr et al., 1979) .
RESULTS AND DISCUSSION Physical and chemical properties varied widely for the five soils from Oklahoma and Texas used to study the kinetics of SO4 desorption and application of Eq.
[1] (Table 1) . Specifically, clay, CEC, and extractable Fe and Al content, which have been associated with SO4 adsorption, varied 6-, 25-, 6-, and 8-fold, respectively. Extractable SO4 ranged from 4.6 to 12.7% of the total S content. 
Effect of Time and Water/Soil Ratio
The desorption of SO4 from soil was rapid and logarithmically related to time of contact between soil and water, as shown by Bernow and Houston Black soils (Fig. 1) . Amounts of SO4 desorbed increased as the water/soil ratio increased, probably due to a consequent increase in concentration gradient between adsorbed and solution phases and a decrease in ionic strength of the extracting medium. The rate of desorption was not affected, however. Averaged for all five soils, approximately 75% of the SO4 desorbed in 180 min was released during the initial 30 min of reaction at all water/soil ratios. In similar batch experiments, SO4 desorption from four Norwegian forest soils (Singh, 1984b) and an Australian soil (Barrow and Shaw, 1977) was almost complete within 30 mm. Using a miscible-displacement technique, however, Hodges and Johnson (1987) found that SO 4 desorption from Cecil soil was slower than from stirred-batch experiments.
The Sd was a linear function of Se content of the soil, for a given t and W (Fig. 2) . It is apparent, therefore, that the power-form kinetic equation (Eq. [1]) describes the desorption of SO4 from soil as a function of t, W, and soil SO4 content (Se). Slope values of the logarithmic relationship between Sd and t (a) and between Sd and W (0) for each soil were similar (at the 0.05 probability level) for different experimental conditions (Table 2) . Similarly, no significant difference (at the 0.05 level) in the value of constant K (Eq. (Table 3 ). The constancy of K, a, and ,3 values for a given soil may allow application of Eq.
[1] to describe SO4 desorption and movement in soil water. The kinetics of SO4 desorption from an Australian soil and the effect of water/soil ratio was also described by a power-form equation by Barrow and Shaw (1977) . A logarithmic transformation of their data accounted for up to 98.3% of the variation in SO4 desorption over a 60-min contact time, although scatter about the regression lines increased slightly with an increase in water/soil ratio (6:1 to 600:1). In addition, the kinetics of SO4 desorption from Cecil soil was found by Hodges Fig. 2 . Relationship between the amount of sulfate desorbed at a water/soil ratio of 40:1, 30-min contact time, and initial extractable SO4 content. 
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Effect of Soil Properties
Values of the constants K, a, and 3 were determined for the 107 soils (Table 4 ). The constants were most closely related to the log of extractable-Al content, which accounted for 85, 88,and 79% of the variability in K, a, and 3, respectively (Fig. 3) . The parameters K, a, and fi were not significantly related (at the 0.05 level) to other analyzed soil properties (Table 4) The close negative relationship between log extractable Al and constants K and a (Fig. 3) is consistent with a decrease in SO 4 desorption with an increase in the soil component associated with SO 4 reaction. The increase in 3 with an increase in log extractable Al (Fig. 3) may be related to changes in the effect of ionic strength on SO4 desorption (Bolan et al., 1986; Singh, 1984b) . The increase in 3 is also consistent with a greater effect of dilution on SO 4 desorption for soils with a greater sorbed SO 4 content (Aylmore et al., 1967; Camberato and Kamprath, 1986) . Thus, for the 107 soils studied, it is apparent that the dynamics of and Johnson (1987) to conform to Elovich, parabolic diffusion, and shell progressive and particle diffusion equations (r2 = 0.93-0.99). Although several studies have reported a positive relationship between SO 4-sorption capacity and free Fe-and Al-sesquioxide content of soil (Ensminger, 1954; Gaston et al.,1986; , Hodges and Johnson (1987) indicated that the rate of SO 4 reaction may also be affected by soil-bound-Al content. Few studies have investigated the amount and rate of SO4 desorption from soils ranging in physical and chemical properties. The results of the present study indicate SO4 desorption to be a function of the same soil properties associated with adsorption.
General Discussion
For a range in experimental conditions, SO 4 desorption can be described by a power-form kinetic equation (Eq. El 1). Each equation parameter (Se, t, and 14") was closely related (r2 = 0.97-0.99) to the amount Of SO4 desorbed from all soils. When combined, the parameters explained 93, 90, 88, 95, and 91% of the variability in SO4 desorption for Bernow, Kirkland, Houston Black, Pullman, and Woodward soils, respectively, over the range in experimental conditions used. Furthermore, under specific experimental conditions (1 = 30 mm, W = 40:1), equation parameters were closely related by multiple-regression analysis (R2 = 0.95) to measured SO4 desorption for the 107 soils.
A sensitivity analysis of the effects of equation parameters (Se, t, and 14') and constants (K, a, and fi) on SO4 desorption was conducted on the 107 soils by increasing each parameter or constant by 10% while holding the other two constant. A 10% increase in Se, t, and W resulted in a 10, 2.8, and 3.3% increase, respectively, in S d . When the constants K, a, and 3 were increased 10%, estimated SO 4 desorption increased 10, 11. 5, and 13.4%, respectively. It is, thus, apparent that parameter Se and constants a and 3 have the greatest influence on estimation of SO4 desorption.
Equation [1] has been used to describe P desorption, which was assumed to be diffusion controlled and a case of nonlinear diffusion (Sharpley and Ahuja, 1983) . Even so, there was no significant relationship (at the 0.05 level) between values of the kinetic constants (K, a and 3) for P and SO 4 desorption or with any other soil property. For example, values of the constants for P desorption were most closely related to the clay! organic C ratio (Sharpley, 1983) , while extractable Al accounted for the greatest proportion of variability in the constants for SO 4. Values of rate constant a for SO4 desorption (average of 0.3 59), however, were significantly greater (at the 0.05 level) than for P desorption (average of 0.175) for 20 soils common to both studies. In contrast, the constants, K and 3 for SO4 (average of 0.092 and 0.308, respectively) were lower (significant at the 0.05 level) than those for P (average of 0.136 and 0.516, respectively). This is consistent with the results of previous studies, which reported that, in general, SO4 reacts more rapidly (Parfitt and Smart, 1978; Yates and Healy, 1975) and is held more weakly than P by soil components (Hasan et al., 1970; Haque and Walmsley, 1973) . In addition, Barrow and Shaw (1977) also found that SO 4 desorption occurred more rapidly than P desorption.
The uniformity of the kinetic constants for a given soil under different experimental conditions and the ability to estimate their value from readily available soil properties (extractable Al) may allow application of the equation to describe SO 4 desorption in surface runoff. This is the case for P and K where reliable estimates of soluble P (Sharpley and Smith, 1990 ) and K concentration (Sharpley et al., 1988) in surface runoff from several Southern Plains watersheds have been obtained.
